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Psychophysically targeting the performance of specific populations of retinal ganglion cells (RGCs) has proven useful for investigating the nature of neural damage in glaucoma. It has also enabled the development of clinical tests that are more sensitive than automated static white on white perimetry-the most commonly employed strategy-at detecting subtle functional deficits [1] [2] [3] . Three separate neural pathways, each commencing with different RGC types, have been characterised as conveying specific aspects of visual information to the cortex, while remaining largely segregated from each other. These pathways operate in parallel and consist of parvocellular (P), magnocellular (M) and koniocellular (K) components; each has a distinctive profile with regards to the spatial, temporal and chromatic information to which it is most sensitive. 4 5 There is a further subdivision for each of the three parallel pathways within the primate visual system: the On and Off pathways. 6 On and Off pathways begin with retinal bipolar cells. These synapse in different sublaminae of the inner plexiform layer, and the pathways remain largely segregated until early visual cortex. 6 Human and animal studies have provided evidence that On and Off pathways are not necessarily direct mirror images of each other. It has been demonstrated that On cells have larger dendritic fields, larger receptive fields 7 and (for M pathway) faster response kinetics than their Off counterparts. 8 The anatomical and physiological asymmetries in the On and Off systems introduce the possibility of discrepant impacts of glaucoma on the two pathways.
Different functional purposes are served by the On and Off pathways. It has been demonstrated in animal models that On cells respond to both luminance increments and decrements, whereas Off cells respond to decrements only. 8 9 Extrapolated for humans, a consequence of this is that the On pathway is likely to be primarily responsible for vision in low light situations, where detection of luminance and contrast increments is of premium importance. 10 It has also been found that difficulties with dark adaptation and low-light visual function are self-reported early in glaucoma, 11 which might be consistent with abnormalities of On processing. More formal psychophysical study of presumed On and Off responses in glaucomatous observers does not appear to have been published.
Several reports have suggested that glaucoma might differentially alter contrast processing of increment and decrement stimuli. Mutlukan investigated static dark stimuli on a bright background and compared findings with white on white perimetric outcomes. 12 13 ''Dark on bright'' perimetry successfully plotted established glaucomatous visual field defects. The author noted that lower contrast decrement stimuli uncovered more extensive visual field defects than indicated by standard luminance increment techniques, suggesting that perimetry using decrement stimuli may provide a more sensitive technique. A parallel was drawn with known morphological and physiological asymmetries between On and Off visual pathways as support. It is, however, important to note that brief luminance pulses of either polarity will theoretically excite both channels at onset and offset consecutively. Consequently, both channels would be involved in such a task. Whether increments or decrements are more sensitive indicators of contrast processing deficits, and whether On and Off pathways are disproportionately affected by glaucoma are related but separate questions.
The aim of this study was to compare psychophysical On and Off subdivision responses within the M pathway in a group of participants with glaucoma, relative to age-matched controls. We utilised two well-studied and related psychophysical tasks (the steady pedestal and pedestal-delta-pedestal tasks). 14 The steady pedestal task has been shown to have contrast gain and temporal integration characteristics that match single cell response profiles attributed to primate M processing 14 and has been previously used to demonstrate contrast processing abnormalities in individuals with glaucoma. 15 Within the current study, we measured sensitivity to both increment and decrement stimuli for the steady pedestal task. For normal observers, increment and decrement targets produce similar thresholds, 16 and the task does not isolate On or Off mechanisms as opposing mechanisms will respond to either the onset or offset of the stimulus. Including this task enables us to assess whether there are advantages to utilising either increment or decrement stimuli to assess contrast processing in glaucoma, but is not presumed to enable assessment of On and Off subdivisions. Nevertheless, although both subdivisions will respond to the stimuli, it is possible that if disease differentially alters the responsiveness of one of the pathways (for example, early disease might alter temporal summation properties), a relative difference in sensitivity to either increment or decrement targets could manifest.
Our second task (pedestal-delta-pedestal) is considered to enable assessment of the On and Off subdivisions of the M pathway. 16 17 For this task, normal observers demonstrate differential sensitivity for increment and decrement targets, under specific experimental conditions. 16 17 We tested people foveally, as the On and Off task (pedestal-delta-pedestal) has a limited dynamic range that is potentially problematic for peripheral testing. A number of studies have previously measured functional abnormalities foveally in glaucoma [18] [19] [20] .
MATERIALS AND METHODS Observers
Twenty observers with primary open-angle glaucoma (POAG) and 20 controls were recruited (mean ages 71.5 (POAG) and 67.3 (control) years: t(38) = 1.56, p = 0.13 for between-group difference). Sample sizes were determined a priori, using a minimum power of 0.8 (a = 0.05, two-tailed) with variance and effect size estimates sourced from a related study. 15 Observers with glaucoma were recruited from the tertiary glaucoma practice of one of the authors (MW) or from the Glaucoma Clinic of the Melbourne Optometric Clinic (MOC-affiliated with the University of Melbourne), who were being co-managed with external ophthalmologists. Control observers were all recruited from MOC. An institutional human ethics committee (DOVS/ VCO/NVRI Human Research Ethics Committee, University of Melbourne) approved the study, and all aspects adhered to the tenets of the declaration of Helsinki. All participants provided written informed consent prior to commencement.
All participants were tested monocularly, and required minimum best-corrected acuity of 20/25 and less than five dioptres spherical and two dioptres cylindrical refractive error in the eye selected for testing (selected randomly if both eyes met inclusion criteria). They needed to have no ocular pathology (other than POAG for the relevant group) and no systemic conditions or treatments capable of affecting visual processing. Control participants additionally had normal visual fields (Medmont M700 Central threshold test), no anatomical risk factors for glaucoma and no known history of intraocular pressure above 20 mm Hg in either eye. All observers with POAG were required to have a visual-field loss, repeatable on at least two occasions. Two participants were classified as having ''moderate'' glaucoma, with the remainder considered ''early'' based on the classification system of Mills et al. 21 
Equipment
Test stimuli were generated using an external visual stimulus generator unit (ViSaGe: Cambridge Research Systems, Rochester, UK), attached to a 2.80 GHz PC, with custom programs written in Matlab version 7.0.4 (Mathworks, Natick, MA). Stimuli were presented on a gamma-corrected monitor (Sony G520, resolution 12646947 pixels, frame rate 75 Hz) at a distance of 50 cm using a forehead and chin rest. Observer responses were recorded using an infrared CB6 button box (Cambridge Research Systems).
Psychophysical paradigms Steady pedestal task: testing the magnocellular pathway
The stimulus was a four-square array (each square subtended 1u of visual angle, with 9 min arc separation) which created a luminance pedestal on a 30 cd/m 2 background. The task involved a 1 min initial adaptation to the pedestal (four-square array), after which one of the squares (target) briefly (27 ms) altered luminance before returning to the adapting pedestal level ( fig 1A) . Observers indicated the spatial location of the target square using a two-alternative forced-choice procedure (left or right of centre). The adapting pedestal remained visible between presentations. Luminance discrimination thresholds were determined for each run (the thresholding procedure is described below).
Extensive previous investigation of the steady pedestal task is consistent with threshold responses for this task being mediated by magnocellular processing. 14 16 For this task, a linear (log-scale) relationship exists between contrast discrimination thresholds and pedestal luminance, as illustrated for a single normal observer (one of the authors, AMM) in fig 1B. Within our clinical groups (glaucoma and controls), we measured thresholds at two points on this curve, representing pedestals that were either a decrement (24 cd/m 2 ) or an increment (38 cd/m 2 ) relative to the background (30 cd/m 2 ). For each pedestal, thresholds were measured for both increment and decrement targets, that is the target square appeared either brighter or dimmer than the remaining three squares. These luminance values were chosen, as we have previously demonstrated contrast-processing abnormalities in glaucoma with the same stimulus levels for increment targets. 15 Both the pedestal and background luminance levels are higher than those used in the original laboratory study of this technique. 16 Pedestal-delta-pedestal: testing the On and Off subdivisions of the magnocellular pathway
The second task-pedestal-delta-pedestal ( fig 1C) -employed the same four-square luminance pedestal array. Observers adapted to a 38 cd/m 2 steady pedestal, which remained visible between presentations. A presentation consisted of a 27 ms pulse during which two simultaneous events occurred; three of the squares altered luminance by a set amount (the deltapedestal), whereas the fourth square (target) altered luminance by a different amount.
Previous work shows that for the delta-pedestal range employed for this study, the M pathway is more sensitive than the P-pathway.
14 Further work by the same group 16 17 concluded that when contrast discrimination is measured on a brief contrast pedestal (as is the case for the pedestal-delta-pedestal task), increment thresholds reflect activity in On-pathways, whereas decrement thresholds reflect activity in Off-pathways. This results in a steep sloped curve with an asymmetry between increment and decrement thresholds as illustrated in fig 1D for the single observer. We assessed the glaucoma and control groups for a single pedestal luminance on the more elevated arm of the increment and decrement condition (the results for these test conditions are marked by the enclosing ovals on fig 1D) , as this arm shows minimum response variability. At 35.5 cd/m 2 , an increment target was used to test the On-pathway, and for the 40.7 cd/m 2 condition, a decrement target was used to assess Off-pathway function. We will subsequently refer to these conditions as the ''On'' and ''Off'' pathway tasks.
It should be noted that fig 1, and all subsequent figures, present the contrast discrimination thresholds in units of stimulus luminance (cd/m 2 ) whereas the previous basic laboratory studies 14 16 of these techniques present the results in units of trolands, a measure of conventional retinal illuminance. Trolands are defined as the product of the area in square millimetres of the pupil and the stimulus luminance. The average pupil size for the subject shown in fig 1 was 5 mm. Our clinical cohort aged about 70 years will have had, on average, a pupil diameter of around 4.5 mm for the luminance levels used 22 which can be used to approximately convert our luminance values to trolands. Such conversion is very approximate, as our participants' natural pupil size will have varied somewhat with varying stimulus luminance. An alternate methodology would be to dilate participants and utilise an artificial pupil. We did not use this approach, as maintaining accurate alignment of an artificial pupil in our experiment would be very difficult. It should also be noted that the unit of trolands does not take into account age-related changes in media absorption, 23 which will act to reduce true retinal illuminance in the older participants included in our study.
Thresholding procedure
Two randomly interleaved staircases were run for each condition, with the mean of the two used for analysis. Staircases employed a three-down, one-up algorithm (which converges on the 79% correct performance level 24 ), with 25% target luminance decrease or increase for three correct responses or one incorrect response, respectively. Each staircase terminated following six reversals, with individual thresholds calculated as the mean of the last four. Task and target polarity testing order were randomised and counterbalanced within cohorts.
RESULTS

Steady pedestal task for increments and decrements: testing the magnocellular pathway
The glaucoma and control group performance for the steady pedestal task is shown in fig 2. Thresholds were elevated for the glaucoma group relative to controls for both increment and decrement discrimination tasks. A three-way mixed ANOVA (within-observer factors: target and pedestal polarities (each with two factors: increment or decrement), between-observer factor: group (control or glaucoma)) showed that the steadypedestal task significantly differentiated the groups (F 1,38 = 4.40, p = 0.04). This finding is consistent with a Laboratory science previous report using increment targets only 15 and extends that finding by demonstrating similar and equivalent effects for decrement targets. The main effect of target polarity was not significant (F 1,38 = 1.61, p = 0.21), nor were there any significant interactions between factors, suggesting that no specific combination of target and background polarity was better able to separate the glaucoma group from controls.
Pedestal-delta-pedestal task: isolation of On and Off subdivisions of the magnocellular pathway There was no significant interaction between group and pathway (p = 0.223), indicating that the difference between glaucoma and control observers did not depend significantly on the pathway tested.
Individual observers: on versus off pathways
It cannot be ascertained from the mean data shown in fig 3 whether individual glaucoma participants showed symmetry in the magnitude of threshold elevation in On versus Off pathways. For example, it is possible that some individuals demonstrated mainly On pathway involvement, while others demonstrated mainly Off involvement. To explore this, Zscores were calculated for each individual glaucoma participant relative to the control group and are plotted as a scatter plot in fig 4. It is evident that, for most observers, the level of abnormality relative to controls was similar in the two pathways. The dashed vertical and horizontal lines in fig 4 show the 21.96 Z-score. Scores lower than this fall outside the 95% confidence limit of control group performance. While the group mean performance is worse within the glaucoma cohort than controls (see fig 3), fig 4 shows that the task does not separate most individual glaucoma participants from the control group, which may reflect the relatively early disease status of most of the glaucomatous observers. It can be seen that one observer from the glaucoma group performed markedly worse than the remainder. The mean glaucoma group performance remains significantly poorer than controls if this observer is excluded from analysis (F(1,37) = 4.62; p = 0.04).
DISCUSSION
This study explored whether increment or decrement targets were relatively more effective for separating glaucomatous from normal observers, and also whether glaucoma differentially affects On and Off subdivisions of the M pathway. The current study does not support the premise that increment and decrement responses differ in early glaucoma, nor does it support differential involvement of On and Off pathways, at least when assessed foveally.
Given that all tested contrast responses were reduced in the fovea for our glaucoma cohort, it seems likely that peripheral loss due to glaucoma will similarly involve both On and Off systems. Unfortunately, the pedestal-delta-pedestal task used herein does not lend itself readily to peripheral testing in a cohort with ocular disease due to the relatively narrow available dynamic range. An alternate approach to exploring On and Off pathways in glaucoma, which will likely be more suitable to peripheral testing, is to measure spatial properties. A histological study of dendritic field size and morphology of retinal ganglion cells in human retina shows an asymmetry in the dendritic field size, with On dendritic fields being 30-50% larger in diameter than Off dendritic fields. 7 This ratio is relatively constant across human retina. There is some supporting psychophysical evidence for functional differences in the spatial tuning of presumed On and Off pathways. 25 These asymmetries in On and Off receptive fields could possibly be exploited to devise functional tests to explore for differential damage to On or Off systems in the peripheral visual field.
Our study participants were of a typical age for a glaucomatous cohort, hence significantly older than the young adults tested in the development of the pedestal-delta-pedestal task. 16 The presence of cataract was an exclusion criterion for our study; nevertheless, even in older eyes with excellent visual acuity and no clinically significant lens changes, there is an increase in forward light scattering relative to younger eyes. 26 Light absorption also increases with increasing age, causing a reduction in retinal illuminance. 23 Although we did not measure light scatter or lens density, the inclusion criteria for the study were designed to stabilise these factors between groups. The effects of optical density vary with stimulus wavelength; however our increment and decrement stimuli differed only in luminance not in spectral composition. As increments are brighter than decrements, the visual significance of scatter may be more detrimental for increment than decrement stimuli. To ideally compare performance in On and Off systems, the potentially differential effects of media scatter would need to be balanced; however, as significant individual variations exist in the magnitude of lens scatter, 26 correcting for this factor on an individual participant basis is a considerable challenge that falls outside the scope of the present study.
The tasks used in this study were directed towards the assessment of the M pathway. Recent evidence from both psychophysics and histology does not support selective involvement of either M or P pathways in glaucoma. 15 19 27 However, it has been suggested that M pathway loss may be easier to detect than P pathway damage, as there are relatively fewer M cells (the ''reduced redundancy'' theory). 28 Further subdividing the M pathway into On and Off responses will further reduce redundancy; hence it may be predicted that any functional loss within these pathways should manifest early. The current study's outcomes support this, as deficits in On and Off processing were identified when tested centrally in participants with early-moderate glaucoma. While early glaucoma is typically considered to involve peripheral visual dysfunction, there is also considerable support for foveal involvement [18] [19] [20] . This study's outcomes do not support a differential effect of using increment and decrement targets for detecting contrast processing deficits in early glaucoma, and functional deficits consistent with reductions in function of both On and Off processing within the M pathway were shown. While support has been demonstrated for the use of either increments or decrements as targets for contrast-processing assessment in glaucoma, practical limitations generally favour the use of increment stimuli. Typically, the luminance range of increments above background luminance is greater than that for decrements. Consequently, increment targets have advantages for discriminating between moderate and more severe levels of dysfunction.
